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Abstract

In this study, several TiO, mesoporous nanoparticles with different mol% of niobium and silver were synthesized using the
sol-gel method. The crystalline phase, chemical state, photocatalytic and optical properties, specific surface area, and
morphology of mesoporous nanoparticles were characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), UV—Vis reflective spectroscopy (UV—-Vis), Brunauer—-Emmett—Teller-specific surface area (BET) and field emission
scanning electron microscopy (FESEM). With increasing calcination temperature, the photocatalytic activity of the samples
gradually increased due to the improvement of crystallization of the anatase and rutile phases. Nb/Ag codoping sample
calcined at 550 °C has reduced the band gap energy (3.17eV to 3.06eV) and improved the photocatalytic properties of
samples under visible light (xenon lamp, 200 W for 1 h and 2 h). Doped TiO, mesoporous nanoparticles were shown to have
the highest photocatalytic activity as compared with the pure TiO, nanoparticles. The best photocatalytic efficiency of
codoped TiO, mesoporous nanoparticles was observed for the TNA3 sample calcined under 550 °C, containing molar
contents of Nb (0.5 mol%) and Ag (1 mol%) dopant ions with 95.60% efficiency.
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Highlights

e Nb/Ag additive enhanced significantly photocatalytic properties of TiO, based nanoparticles for remove of organic

compounds (MB).

e Structural, optical and surface analysis of samples dependent to dopant concentration.
e Nb/Ag codoped TiO, nanoparticles is promising for photocatalytic properties in visible light.

1 Introduction

Nanostructured materials are widely used in various fields
because of their unique properties. Nowadays, nanos-
tructured titania has received much attention due to its high
potential in photocatalytic applications, self-cleaning coat-
ings, photovoltaic, heavy metal removal from industrial
effluents, ceramic membranes, and gas sensors [1]. Among
nanostructured materials, TiO, as a semiconductor is very
useful in these applications. However, because of the wide
band gap (3.2 eV), it only has photocatalytic activity under
ultraviolet (UV) light at wavelengths <387.5 nm. Since
sunlight comprises about 45% of visible light and 5% of
UV light, so much research has been done to reduce the
band gap in this semiconductor [2]. Titania’s photocatalytic
activity depends on several factors, such as particle size,
crystalline phase, band gap, specific surface area, and pore
volume [3]. The rate of photocatalytic decomposition of
titania nanoparticles is limited by the rate of electron—hole
recombination. To reduce the electron—hole pair recombi-
nation, doping of intermediates or alkali metals and semi-
conductor coupling is commonly used [4, 5].

Much research, such as metal, non-metallic dopant, titania
semiconductor coupling with other oxide semiconductors with
a narrow band gap, codoping with different cations and anions,
has been done to improve TiO, photocatalytic efficiency under
visible light [6, 7]. One of the effective methods for reducing
the band gap of TiO, semiconductor is the presence of Ti*"
and oxygen vacancy that is usually done by adding dopants to
the titania structure, which results in improved titania photo-
catalytic activity in the visible light region [8—11]. The effect of
dopant content and calcination temperature on the activity of
Ag/Cu-codoped TiO, catalysts was investigated [12]. The
stability of the anatase phase was increased with codoping of
silver and copper to TiO, lattice. Khatun et al. [13] investigated
the codoping effect of Ga and V on the optical and crystalline
properties of titania. The results of this study showed that in the
presence of codoping, the anatase phase was stable and the
band gap of the sample decreased and the photocatalytic
properties improved under visible light irradiation. Chena et al.
[14] investigated the codoping effects of silver and nitrogen
(with different percentages) on the photocatalytic properties of
titania nanostructures. The nanoparticles were synthesized by
the sol-gel method. Doped titania nanoparticles with 2% N and
5% Ag calcined at 400 °C had better photocatalytic properties
than other samples.

According to previous research that has been done in this
field, no research has been done on the synthesis of nio-
bium/silver-codoped mesoporous titania nanoparticles by
sol-gel method. Therefore, a series of Nb/Ag-codoped TiO,
nanoparticles were prepared with different amounts of Nb
and Ag (samples code: TNA1: 0.1%Nb-0.1%Ag, TNA2:
0.25%Nb-0.5%Ag, TNA3: 0.5%Nb-1%Ag, TNA4: 0.1%
Nb-1%Ag). Then, the effect of codoping of niobium/silver
with different mole percentages on the structural, optical,
photocatalytic, and surface properties of titania mesoporous
nanoparticles was investigated. Also, the efficiency of these
samples as photocatalysts for the photodegradation of MB,
under visible light, was investigated.

2 Experimental procedures
2.1 Materials

Titanium (IV) butoxide (TBT = Ti(OC4Hy),), Ethanol
(EtOH=C,H50H), Ethyl acetoacetate (EAcAc), Nitric acid
(HNO;), Niobium chloride (NbCls), and Silver nitrate
(AgNOj). Methylene blue (MB) were used as a model
compound in the photocatalytic activity measurements.
TBT and MB was purchased from Sigma-Aldrich. Other
compounds were obtained from Merck Company. All the
chemicals utilized in this work were analytical grade.

2.2 Experimental procedure

In this study, Nb/Ag-codoped TiO, mesoporous nano-
particles were synthesized by the sol-gel method (Fig. 1).
Briefly, 20 ml of ethanol and 2.55 ml of ethyl acetoacetate
(EAcAc is as a sol stabilizer) were mixed, and then 3.45 ml
TBT was added to the mixture at the ambient temperature
(step 1). The solution was continuously stirred for 60 min,
followed by the dropping of HNO; (0.45 ml), a catalyst to
the solution until a pH of 5. De-ionized water (1.8 ml) was
added to the solution slowly to initiate the hydrolysis pro-
cess (stirring about 60-90 min). Yellow transparent solution
(step 1: TiO, sol) was aged for 24 h to complete all reac-
tions. According to Table 1, two solutions of niobium and
silver (step 2 and 3) added with appropriate mole% (Table
1: Nb=0.1, 0.25, 0.5 mole%, Ag=0.1, 0.5, 1 mole%) to
the TiO, sol. Then stir the prepared solution on the mag-
netic stirrer for 1 h and heat to the gel. Finally, the dried gel
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Fig. 1 A schematic to represent EAcAc Eifano] HNOA&H,O
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Table 1 Sample codes and dopant mole percentage. (T: TiO,, N:
Nb, A: Ag)

Sample code Nb (mole%) Ag (mole%)

TNA1 0.1 0.1
TNA2 0.25 0.5
TNA3 0.5 1
TNA4 0.1 1

was placed in the furnace and calcined at different tem-
peratures to synthesize the desired nanoparticles. The dif-
ferent steps of nanoparticle preparation are shown in Fig. 1.

2.3 Nanoparticle characterization methods

Differential thermal analysis (DTA) and thermogravimetric
(TG) were used to determine the crystallization temperature
in the air with a heating rate of 10 °C/min (P1-STA 1640
equipment). XRD pattern and phase identification of
nanopowders were recorded using X-ray diffraction analy-
sis (Philips, MPD-XPERT, A: Cuy, = 0.154 nm). The sam-
ples were scanned in the 26 range of 20-80°. The specific
surface area of the nanoparticles was measured by Nitrogen
gas using the Brunner—-Emmett-Teller (BET) isothermal
adsorption method and the pore size distribution was stu-
died by the BJH model at different temperatures using
Belsorp mini Japan. N, adsorption—desorption isotherms
were determined in a surface analyzer equipment at 77 K.
Spekol-2000 spectrophotometer from Germany was used to
measure the optical properties for measuring the band gap
and photocatalytic degradation of nanoparticles. X-ray
photoelectron spectroscopy (XPS) spectra were recorded
by a PHI 5000C ESCA spectrometer using Mg K, radiation
(hv =1253.6eV). The pressure of the analyzer chamber
was maintained at 5x 10 ®Pa. Spectra were calibrated
concerning, for, to the Cls peak at 284.6eV.

@ Springer

1-2h powder

Morphology of the mesoporous nanopowders was observed
using field emission scanning electron microscopy (FESEM,
MIRA3-TESCAN) with an accelerating voltage of 10-15kV.

2.4 Photocatalytic activity and optical band gap

The photocatalytic degradation of organic pollutants by the
samples was evaluated by the degradation of MB as a model
pollutant solution under visible light irradiation by xenon
lamp (200 W). The photocatalytic experiment was carried
out by taking 0.2 g of each sample in 20 ml MB solutions
(10 ppm). Before visible light irradiation, these solutions
were stirred magnetically for 30 min in the dark place to
achieve the adsorption—desorption equilibrium. The above
solutions were irradiated with visible light and after every
20 min, a 3 ml sample of the solution was taken, from which
the catalyst was separated by centrifugation to obtain a clear
liquid. The photodegradation rates of the MB solution at
given intervals of irradiation was analyzed using a UV-Vis
spectrophotometer. The degradation percentage of MB,
which represents the photocatalytic efficiency of the sam-
ples, can be determined by Eq. 1.

;7_<1—//:;) x 100 (1)

where 7 is photocatalytic efficiency of MB, A, is absorption
after radiation and A is absorption before radiation [15].

The amount of rutile in the samples was calculated using
the equation [16]:

xi= (14 °f’A)l )

R

where Xy is the mass fraction of rutile in the samples, and I,
and I are the X-ray integrated intensities of (101) reflection
of the anatase and (110) reflection of rutile, respectively.
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Fig. 2 TG and DTA curves of precursor gel (T)

The optical band gap corresponds to the absorption limit
and can be roughly evaluated by using following equation:

1240
Aedge

Eq (eV) (3)
where qqq. represents the absorption limit of the semiconductor.
Aedge €an be extracted from the absorption spectrum by carrying
out the first derivative of absorbance with respect to wavelength
near the absorption edge and finding the point at which the
derivative spectrum reaches its minimum value. This point is
actually the reflection point of the absorption curve. The tangent
line of the absorption curve at the reflection point intersects with
the x-axis on which absorbance reaches 0 and indicates Agge.

3 Results and discussion
3.1 TG-DTA analysis

One of the effective factors in the photocatalytic behavior of
titania is the formation of anatase crystalline phase or rutile
resulting from the appropriate calcination temperature, so it
is necessary to determine this temperature. Figure 2 shows
the differential thermal analysis curves (TG-DTA) of the
titania precursor gel. Thermal analysis was carried out from
50 °C to 700 °C with a heating rate of 10 °C/min in an air
atmosphere. According to the TG curve, the weight loss of
the sample gradually increased with increasing temperature
up to about 600 °C but above this temperature, with the
increase in temperature, there were very minor changes in
weight loss (total weight loss during this process for T
sample equals 42%). Weight loss occurs in three stages. The
first stage is in the temperature range of 0-120 °C. Weight
loss is about 6.2% due to the evaporation of solvent and
water, which is physically absorbed. The second stage of
weight loss occurs in the temperature range of 120-150 °C,
which is about 16.8%. This weight loss is related to the
removal of residual organic matter and residual water.
Third, weight loss occurs at about 19% in the temperature

T T
20 30 40 50 60 70
2Theta (deg)

Fig. 3 XRD patterns of undoped (T) and Nb/Ag-codoped TiO,
mesoporous nanoparticles (TNA) calcined at 350 °C for 1h

range of 260-600 °C due to structural water removal and
conversion of titanium hydroxide to titanium dioxide.

As shown by the DTA curve, in the temperature range of
125-150°C, an exothermic peak with high intensity is
observed, which is related to the combustion and removal of
an organic compounds from the precursor materials. The
broad exothermic peak is observed at a temperature range of
200 to 500 with less intensity, which may reflect the com-
bustion of residual organic matter (auto-ignition temp. of
EAcAc =295 °C), also, the crystallization of the anatase
and rutile phases in the particles, and the phase transfor-
mation of the anatase to the rutile phase [17]. According to
the DTA analysis results, temperatures of 350, 450, 550,
and 650°C were selected as the sample calcination
temperature.

3.2 Phase analysis and absorption spectra of
samples at 350 °C

Figure 3 shows the results of X-ray diffraction of pure and
Nb/Ag-codoped TiO, samples synthesis by the sol-gel
method that calcined at 350 °C for 1h. The X-ray dif-
fraction patterns of all samples at angles 25.45, 37.5, 47.7,
54.3, and 62. 9 corresponding’s to the crystalline phase of
anatase with miller index (101), (004), (200), (105), and
(204). The XRD pattern of all samples corresponds to the
JCPDS card no.: 21-1272. The peaks of the synthesized
titania sample in the presence of Ag/Nb dopants are
similar to pure sample peaks. In the doped samples, the
crystal peaks shift to lower angles that can be attributed to
the ionic radius of Ag™ (1.29Q A) and Nb>* (0.64 A),
which is larger than Ti** (0.605 A)) [18, 19]. In Fig. 3, no
traces of AgO and Nb,Os metal oxide peaks as well as
Nb>" and Ag®" cations were observed in any of the
samples, indicating the substitution of metal cations in the
titania lattice.
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Table 2 Characteristic of pure (T) and doped TiO, (TNA) mesoporous nanoparticles calcined at 350 °C (calcination time = 1 h). (d: crystallite size
(nm), %A: amount of anatase phase, %R: amount of rutile phase, du: anatase crystallite size, dg: rutile crystallite size, BET: specific surface area)

Sample %Ag %Nb %A dipay (A% S (rad) da (nm) a=b (A% c (A% Vie (AY) BET (m%g)
T - - 100 3.59 0.19 7.7 3.69 9.32 126.9 422.53
TNAI1 0.1 0.1 100 3.5 0.59 3.7 3.78 9.23 131.74 431.34
TNA2 0.5 0.25 100 35 0.71 3.55 3.78 9.61 135.2 439.23
TNA3 1 0.5 100 35 0.47 3.1 3.79 9.32 131.45 502.72
TNA4 1 0.1 100 3.55 0.41 3.64 3.81 13.56 195.8 428.26

23 The XRD pattern of the synthesized sample (TNA3) at

7|“f ~ S 350 °C has a 100% anatase phase (Table 3). The peaks are

| g,g z 8 % - - = s wide and lower intensity. The reason for this phenomenon

‘\‘ “‘ }‘\{7; ] i I % % % gnlj\ is that the particle crystallization process is not complete at

S YL - J L 650C this temperature [21]. At the calcination temperatures of
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Fig. 4 XRD patterns of the TNA3 mesoporous nanoparticles calcined
at different temperatures for 1 h (A: anatase, R: rutile)

Table 2 shows the physical properties (crystalline
phases content (A%), the crystallite size (d,), lattice
parameter (a, b, c), and specific surface area (BET)) of
calcined TiO, sample at 350 °C. Changes in the lattice
parameter and unit cell volume are due to the presence of
dopant (Nb/Ag). This has caused the peaks to shift to
lower angles. Also, in the presence of dopants, the size of
the crystals decreased and the unit cell volume increased.
The specific surface area of the doped titania (TNA) is
increased compared to the pure titania (T), which can be
attributed to the decrease in crystallite size in the presence
of dopant [20].

3.3 Phase analysis and optical properties of
TNA3 sample at different temperatures

Figure 4 shows the XRD results of TNA3 mesoporous
nanoparticles calcined at 350, 450, 550, and 650 °C for 1 h
in the air atmosphere. Increased calcination temperature is
associated with two phenomena: (a) particle size growth,
and (b) phase transformation from anatase to rutile. As the
temperature increases, the phase transformation of anatase
to rutile occurs.

@ Springer

450, 550, and 650 °C, a mixture of two phases, anatase, and
rutile, is crystallized. As the temperature rises to 450 °C, the
phase transformation of anatase to rutile occurs, which
includes 69% of the anatase phase and 31% of the rutile
phase. The crystallization of the particles and the intensity
of the peaks at this temperature are more than 350 °C. The
X-ray diffraction pattern of the specimens (Temp. 450, 550,
650 °C) at angles 25.3, 37.6, 47.9, 62.8, and 74.9 related to
the crystalline phase of anatase, respectively, with the miller
index (101), (004), (200), (204), and (215) with JCPDS
code 21-1272 and angles of 34.37, 35.8, 41.4, 54.23, 56.4,
and 69.5 related to the crystal phase of rutile, respectively, it
is consistent with the miller index (110), (101), (111), (211),
(220), and (221) with the reference JCPDS code 12-1276.
Also, with increasing temperature up to 550 °C, the per-
centage of anatase phase (61%) and rutile phase (39%)
compared to the 450 °C sample decreased and increased,
respectively, indicating particle growth. When the tem-
perature rises to 650 °C, the phase transformation of anatase
to rutile increases, and the percentage of anatase phase
decreases, and the rutile increases (Table 3). Adding dopant
increases the surface defect of the nanoparticles and trans-
fers the anatase phase transformation temperature to the
rutile at lower temperatures. Also, the concentration of
oxygen vacuum increases at the surface of anatase grains
[22, 23].

The diffraction peaks of crystal planes (101), (200), and
(204) of anatase phase in XRD patterns were selected to
determine the lattice parameters (Table 3) of the TiO, and
doped TiO, nanopowders. The lattice parameters were
obtained by using the Eq. 4 [16]

(Bragg/slaw) : 2dpq sin6 = A
(1/dg))’= (h)a)*+(k/b)*+(1/c)?

where d,y) is the lattice distance between the crystal planes
of (h k 1); 4 is the wavelength of X-ray used in the

(4)
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Table 3 The physical properties of the TNA3 mesoporous nanoparticles calcined at different temperatures (calcination time = 1 h)

Calcination temperature %A %R da (nm) dg (nm) Anatase phase Rutile phase BET (mzlg)
a=bA") c@A) V@A) a=b@A") @A) V@A)
350 100 - 3.1 - 3.79 9.32  131.45 - - - 502.27
450 69 31 5.07 9.5 3.83 10.41 153.23 3.33 2.13 23.41 118.74
550 61 39 7.49 9.5 3.71 13.45 187.76 3.35 1.42 15.49 180.92
650 33 57 11 11.94 7.58 5.71 32751 3.43 3.39 39.18 155.07
350 C° R
MB solution + 350 C° M=77.19%)
MB solution + 450 C° (n=84.94%)
MB solution + 650 C° (n=89.1%)
MB solution + 550 C° (n=95.60%) AR A 120 min
e} =
= &
o 2
g z
3 2
g ol N
'2 90 min
A
60 min
20 30 40 I 60 70 80

T T T T T
400 450 500 550 600 650 700
wavelength (nm)

Fig. 5 The absorption spectra of MB solution under visible light for
2 h in the presence of TNA3 calcined at different temperatures

experiment; € is the diffraction angle of the crystal plane (h
k 1); h k 11is the crystal plane index; and a, b, and c are lattice
parameters (in anatase form, a =b % ¢).

As the temperature rises to 650 °C (Table 3), the crys-
tallite size of the anatase and rutile phase increases. Also,
the lattice parameter and cell volume have increased
(131.45 to 327.51 A® for anatase phase) and the specific
surface area has also decreased (502 to 155 m2/g), which is
due to the effect of temperature on particle size growth and
phase transformation of anatase to the rutile of the synthe-
sized samples [24].

The results of the absorption spectrum of MB solution in
the presence of TNA3 calcined at different temperatures are
shown in Fig. 5. The highest percentage of photocatalytic
degradation (Fig. 5: inset) is related to the 550 °C sample.
Temperatures of 450, 550, and 650 °C include two phases
of anatase and rutile (Fig. 4 and Table 3), so they have a
higher photocatalytic degradation than the 350 °C sample
(100% anatase) [25]. Also, the 550°C sample has the
highest percentage of photocatalytic degradation due to its
higher specific surface area (180.92 m%/g) than other sam-
ples. The rutile phase is the main factor separating electrons
and holes. The electrons stimulated in the rutile phase
transfer themselves to the anatase phase conduction band

50
2 Theta (deg)

Fig. 6 XRD pattern of TNA3 calcined at 550°C for different
calcination times

and form a hole in the rutile phase, thereby reducing the
electron—hole recombination [26].

3.4 Phase analysis and optical properties of
TNA3 sample at different calcination times

Figure 6 shows the XRD results of the TNA3 calcined at
550 °C for 60, 90, and 120 min. For 60 min, the calcined
sample has a higher anatase phase percentage than other
times.

As the calcination time increases, the type and percen-
tage of crystalline phases formed change (Table 4). As the
calcination time increases, the percentage of the rutile phase
increases. Also, as time goes on, the size of the crystals
increases and, the surface area of the particles decreases
(180.92 to 89.72 m%/g) because the particles will take time
to grow.

Figure 7 shows the absorption spectra of MB solution in
the presence of the TNA3 sample calcined at 550 °C for 60,
90, and 120 min. The highest content of photocatalytic
degradation occurs within 60 min (inset). With increasing
calcination time, crystalline growth and, increasing the
content of the rutile phase in the samples (Table 4), these
two factors lead to a decrease in the content of photo-
catalytic degradation.
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Table 4 The physical properties of the TNA3 mesoporous nanoparticles calcined at different calcination times (calcination temperature = 550 °C)

Calcination YA %R da (nm) dgr (nm) Anatase phase Rutile phase BET
time (min m?%/

(min) a—b M) Veeh)  a—b @A) ey

(A% (A%
60 61 39 7.49 9.5 3.71 13.45 187.76 3.35 1.42 15.49 180.92
90 15 85 5.92 10.66 3.78 12.72 180.98 3.27 4.49 48.01 143.24
120 9 91 4.08 10.91 6.49 5.73 241.32 3.29 6.25 67.65 89.72
120 min
e T: Eg = 3.17 eV, Aedge =391 nm
MB solution + 120 min (n=73.49%) ——TNA3: Eg =3.06 eV , Aedge = 405 nm
MB solution + 90 min (n=94.68%)

—~ | MB solution + 60 min (n=95.6%) -

= 3

= .3

= 2

2 2

f:: 90 min <

\ T
60 min \\
N\
\\ T T T T T
400 560 660 700 370 390 410 430 450 470 490

wavelength (nm)

Fig. 7 The absorption spectra of MB solution under visible light in the
presence of TNA3 sample calcined at 550°C for different
calcination times

3.5 Optical band gap of T and TNA3 at 550 °C
calcination temperature

The results of the band gap energy (E,) for pure titania (T)
and TNA3 calcined at 550 °C are shown in Fig. 8. The
addition of metal dopant to T sample can reduce the band
gap energy. The dopant can create an electron-saturated
surface in the titania band gap that easily stimulates the
conduction band (CB), or by creating a hole filled surface at
the titania valance band (VB), stimulates the valance band
of titania [27], so the creation of a new electron junction
surface in the titania band gap leads to a reduction in the
band gap energy (Fig. 8, inset: E, and Acqe.). With the
addition of Nb and Ag dopant, the absorption intensity in
the visible light area increases, and the absorption edge
shifted (Redshift) to the visible light wavelength (Fig. 8,
inset) [28]. Doping of Nb and Ag cations in the TiO,
structure has led to an increase in oxygen vacancy, which is
one of the effective factors in the photocatalytic process
[29]. The oxygen vacancies are active groups, which can
easily combine with other atoms or groups and become
stable. It accounts for an increase in the amount of surface
hydroxyl oxygen. Increase in surface hydroxyl is favorable
for photocatalytic reactions. The hydroxyl content (Op and

@ Springer

Wavelength (nm)

Fig. 8 UV-Vis spectra of T and TNA3 samples calcined at 550 °C
for 1h

Ou%) is the ratio of the area of corresponding peak to the
total area of the two O 1 s peaks. According to XPS result,
O and Oy percent for T and TNA3 samples are as below:

T sample: Oy : 63.4%, Oy: 36.6% and TNA3 sample: Oy :
49.7%, Oy: 50.3%.

3.6 The effect of visible light irradiation time on
photocatalytic efficiency

Figure 9 shows the photocatalytic degradation efficiency
of MB solution in the presence of calcined T and
TNA3 samples at 550 °C at different times of visible
light radiation. The photocatalytic efficiency for T,
TNA3 samples after 2 h of visible light radiation is 63.25%
and 95.60% (Fig. 10, inset), respectively. According to
Fig. 10, we see that the percentage of degradation of MB
solution in the first hour is higher than in the second hour.
In other words, the rate of reaction of the dye solution is
reduced by increasing the irradiation time. This result
indicates that active photocatalytic sites are deactivated
by powder coagulation and reduce the longevity of pho-
tocatalytic activity. One of the important factors on
the photocatalytic degradation efficiency of the MB solu-
tion is the specific surface area (BET) of the nanoparticles
[30-32]. By comparing the T and TNA3 sample (Fig. 10a,
b), the specific surface area (BET) are equal to 143.23 and
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Fig. 9 Photocatalytic degradation of the MB solution in the presence
of T and TNA3 samples calcined at 550 °C under 2 h visible light
irradiation
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Fig. 10 N, physisorption isotherms (BET) and pore size distribution
(BJH = inset) of a TiO, (sample code: T) and b Nb/Ag-codoped TiO,
mesoporous nanoparticles (sample code: TNA3) calcined at 550 °C

180.92 m?/g, respectively. N, adsorption-desorption iso-
therms of the T (Fig. 10a) and TNA3 (Fig. 10b) samples
calcined at 550 °C are shown in Fig. 10a, b. The pore size
distribution (BJH) is shown an inset in respective iso-
therms. The adsorption—desorption isotherms of both
samples are based on IUPAC classification compatible
with type IV, and the hysteresis loop is H2 and HI,
respectively [33, 34]. The hysteresis loop for both samples
is mesoporous. The pores in the pure sample (H2) have a
narrow-span shape with uniform channels connected in the
lattice. The structure of these pores is mesoporous. For
TNA3, the particles are spherical and cylindrical, and the
hysteresis loop represents the porous material [35]. For T
sample, the mean pore diameter is about 17.06 nm and the
pore size distribution (BJH) is in the range of 1.2-61.3 nm
(Fig. 10a, inset) and for TNA3, the average pore diameter
is about 12.31 nm and the pore size distribution is in the
range of 1.2-53 nm (Fig. 10b, inset). As can be seen, the
TNA3 sample has a higher specific surface area relative to
the pure sample, which is one of the effective factors in
improving photocatalytic properties and increasing pho-
tocatalytic efficiency.

3.7 XPS analysis of T and TNA3 samples calcined
at 550 °C

XPS analysis was performed as a result of a more detailed
study of the effect of Ag and Nb dopants on the phase trans-
formation of anatase to rutile, formation of oxygen vacancy,
and identification of Ti, Nb, and Ag elements with the desired
valence number. Figure 11 shows the XPS analysis for pure
TiO, nanopatrticles (T, Fig. 11a) and TNA3 (Fig. 11b) samples.

By replacing ions with a charge of <4, such as Ag", in
the TiO, crystal lattice, the oxygen vacancy increases and,
eventually the phase transformation rate of anatase to rutile
increases [36, 37]. On the other hand, replacing the ion with
a charge of >4, such as Nb* in the TiO, crystal lattice, has
led to a reduction in the oxygen vacancy, which prevents
the phase transformation of anatase to rutile [38].

Figure 11a, b clearly shows the elements Ti, C, and O.
Weak peaks of Ag and Nb are shown in Fig. 11b of the XPS
spectra. The C 1s peak is attributed to adventitious hydro-
carbon contamination from the instrument [39]. Comparing
Ti 2p;,, and Ti 2p;,, with pure and doped samples (TNA3),
we see that there has been a change in the Ti oxidation state,
which can be divided into Ti 2pl and Ti 2p3 electronic
rotation circuit attributed.

According to Fig. 1la, b, the binding energy of
459.2 eV corresponds to Ti 2p;,; and the binding energy
of 464.7 eV corresponds to Ti 2ps, (Fig. 11a) in accor-
dance with the Ti*" oxidation state [40], while the peaks
located at 458.8 and 464.1 eV belong to Ti 2ps;, and Ti
2p1)» of the Ti** (Fig. 11c), respectively [41]. The binding
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Fig. 11 a XPS survey spectra of TiO, pure (T) sample, b survey spectra of TNA3, high-resolution XPS spectra of ¢ Ti 2p, d Nb 3d, e Ag 3d, and

f Ols for TNA3 sample

energies of Ti 2p;3, and Ti 2p, shifted to higher
values after the addition of Nb>* compared to pure TiO,.
This shift can prove the existence of Ti with lower
valence.

Figure 11d shows two peaks of Nb 3d in the range 207.1 eV
(Nb3ds5,) and 209.9eV (Nb 3ds;,) [42]. These peaks are
formed by the rotation of an electron circuit with an energy
equal to 2.6 eV. The main peak for Nb 3ds, is in the about of
211 eV, which corresponds to the oxidation state of Nb°™.

@ Springer

Figure 11e shows the Ag3d spectrum of the TNA3 sample.
The two peaks specified in 366.8 and 373.1 are related to
Ag3ds, and Ag3ds,. There is a difference in energy of the
6.3 eV between the binding energy of Ag3ds, and Ag3d;,
peaks, indicating that the Ag is Ag” state on the TiO, lattice
[43]. The Ti 2p peaks of TNA3 shift to lower band energy by
0.4 eV as compared to those of the T sample. This may be
because since during the photo-deposition of Ag metal, some
electrons migrate from Ag to Ti*" and cause it to form Ti**.
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Fig. 12 FESEM of nanoparticles. a Pure TiO, nanoparticle (T) calcined at 350 °C, b Pure TiO, nanoparticle (T) calcined at 550 °C, ¢ TNA3

nanoparticle (T) calcined at 550 °C

Figure 11f, O 1s show that the peak in the about of
528.75 eV represents the metal oxides that O 1s is the lattice
oxygen (Or: Ti-O) of titania (Ti*"). The peak at 530.6eV
belongs to the surface related hydroxyl group (Oy: O-H).
The peaks of T2p, Ols in the XPS spectrum of the TNA3
compound indicate the presence of oxygen vacancies,
which is useful for the photocatalytic process because it
leads to the separation of the electron—hole pair [44].

3.8 FESEM, EDS, and maps analysis of T and
TNA3 samples

Figure 12 show FESEM images of pure TiO, (T) sample
calcined at 350, 550°C (Fig. 12a, b), and TNA3 sample
calcined at 550 °C (Fig. 12c). Electron microscopy images
of pure TiO, specimens (Fig. 12a) have irregular nano-
particle shape and uniform particle size, while for samples in
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Fig. 13 Energy dispersive X-ray
spectroscopy (EDX) of T and
TNA3 calcined at 550 °C

(b)

line | W%
Ti | Ka | 52.33
O | Ka|27.28
Nb | La| 2.12
Ag | La | 430
Au | Ma | 1398

the presence of dopant (Fig. 12c, TNA3), regular nano-
particle shape and uniform particle size. The average particle
size of pure TiO, (T) calcined at 350 and 550 °C is about 29,
46 nm, respectively, indicating particle growth. The particle
size of the TNA3 sample decreased in comparison to the
pure (T) sample. The average particle size of the calcined
TNA3 sample at 550 °C is smaller than that of the pure
sample due to the presence of dopant. The average particle
size of the TNA3 sample calcined at 550 °C is about 36 nm.

The presence and distribution of elements in the pure
TiO, sample (Fig. 13a) and TNA3 (Fig. 13b) samples cal-
cined at 550 °C were analyzed by energy dispersive X-ray
spectroscopy (EDS). The EDS analysis confirmed the pre-
sence of titanium, oxygen, niobium and silver in the syn-
thesized TNA3 sample. The EDS spectrum of TNA3
contained high-intensity peaks of titanium, niobium, and
silver.

As shown in Fig. 14, the elemental mapping of O and Ti
in a sample of T (Fig. 14a) and Nb, Ag, Ti, and O in sample
TNA3 (Fig. 14b) demonstrate that all four elements are
distributed throughout the TNA3 nanostructures. According
to MAP images, the elements of the synthesized samples

@ Springer

can be seen that the oxygen distribution in T nanoparticles
(Fig. 14a) is higher than the TNA3 sample. Also, according
to the EDX results (Fig. 13a, b), it was observed that the
oxygen content in the pure sample was 47.27% more than
oxygen content in the TNA3 sample (27.28%). As men-
tioned earlier, the effect of dopant (Nb and Ag) by reducing
the oxygen vacancy has reduced the amount of oxygen in
the TNA3 sample.

4 Conclusion

In this research, Nb and Ag-codoped TiO, mesoporous
nanoparticles with photocatalytic activities have been syn-
thesized via sol-gel method. The effects of metal ion doping
and calcination temperature (350-650 °C) on the crystal-
lization of anatase and rutile phase, crystallite size, and
optical properties of TiO, mesoporous nanoparticles has
been investigated.

The averages particle sizes of the prepared samples varied
from 29 to 46 nm with an increase in calcination temperature.
The size of the crystallites in doped TiO, samples is smaller
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Fig. 14 Elemental mapping
images for the a Pure TiO, (T)
and b TNA3 samples calcined at
550°C

than those in the undoped sample, suggesting that dopants have
an inhibiting role on the grain growth. The photocatalytic
activity of the doped nanopowders is higher than that of pure
TiO, nanoparticles. Nb*™> and Ag™ substitution for Ti*" in the
titania lattice results in a decrease in the rate of photogenerated
electron—hole recombination that is responsible for the

T« S AW Wag - TH00 X §oeote = 9 oA

{2pm NI« 1SV Mag « 12500 X | peobe « S aA

enhancement in photocatalytic degradation rate. It is found that
the Nb, Ag-codoped TiO, exhibited the highest photocatalytic
activity under visible light irradiation compared with undoped
TiO, because the co-operation of Ag and Nb not only led to the
much narrowing of the band gap, but also promoted the
separation of the photogenerated electrons and holes.
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